The through-range microstructure of polycrystalline alumina has been examined by cross-section TIM following simultaneous implantation of 2.0 MeV Al + , 1.44 MeV O + , and 0.2 to 0.4 MeV He + ions at room temperature to a dose of 3.1 keV/atom. The specimen remained crystalline following the irradiation, and four distinct radiation-induced defect features were observed: Network dislocations, dislocation loops, small cavities, and oblong clusters that may be aluminum colloids. The microstructure near the implanted ion region was qualitatively similar to that observed in irradiated regions far from the implanted zone.
INTRODUCTION
Ion implantation of ceramics such as A1 2 O 3 has received a considerable amount of attention in recent years [1] [2] [3] . Ion implantation is being studied as a means for improving properties such as wear resistance and fracture toughness near the surface of ceramics, and is also convenient for fusion reactor radiation effects studies. Most of the emphasis has been directed toward determining conditions that produce amorphization. The specimen temperature and chemical species of the implanted ion are recognized to be important experimental parameters for producing the amorphous state. Implantations conducted near or above room temperature often do not cause A1 2 O 3 to become amorphous, whereas implantation at liquid nitrogen temperatures can produce amorphous alumina for damage energies of less than 1 keV/atom [1, 3] . It has been reported that alumina implanted at room temperature can be amorphized by Zr ions for damage levels >5 keV/atom' whereas implantation to similar doses with any of 13 other ions did not produce the amorphous state [1] . On the other hand, some studies suggest that alumina may be amorphized at room temperature by several different ion species for damage levels of about 5 keV/atom [2, 4] .
The microstructure of alumina irradiated at room temperature is examined in this study in an attempt to gain some understanding of the microstructural changes induced by implantation. Ion irradiation studies in metals have established that injected ions can have a large influence on the resultant microstructure [5] . Therefore, cross-sectional analysis techniques were used to examine the depth dependence of the irradiated region. High energy ions were employed so that the implanted ion region could be distinctly separated from regions where only displacement damage occurred. The chemical effects associated with the implanted ions were minimized by simultaneous implantation of Al + and O + ions in a nearly stoichiometric ratio. Helium was also injected during the irradiation in order to study the effects of gas on microstructural development. EXPERIMENTAL PROCEDURE Polycrystalline alumina specimens (grain size = 30 fm) were irradiated as mechanically polished transmission electron microscope disks in a 9-specimen array. The irradiations were performed at room temperature using the Van de Graaf accelerator facility at Oak Ridge National Laboratory, which was recently modified to allow simultaneous irradiation with three different ion beams [6] . Ihe specimens were irradiated with simultaneous beams of 2.0 MeV AT , respectively, which produced an excess of Al + ions relative to the stoichiometric ratio.
•Hie irradiation produced a calculated damage energy density of 3.1 keV/atara in the peak damage region (1100 nm depth). The energy of the helium ion beam was continuously ramped between 0.2 and 0.4 MeV during the irradiation in order to produce a uniform concentration (1100 appro) of He from the near-surface region to a depth of 1000 nm.
The displacement damage associated with the He implantation was «0.1 keV/atom.
The microstructure of the irradiated region was examined in crosssection using standard specimen preparation techniques that involved dimpling and ion milling of glued specimens. The depth dependence of the radiation damage was investigated by comparing the microstructure in regions centered around a depth of 700 nm from the original implanted surface ("midrange") with the microstructure observed at depths of 1000 to 1500 nm ("peak").
RESULTS
The ion irradiation produced small defect clusters and dislocations. All regions of the specimen were observed to remain crystalline following the irradiation. The general depth-dependent microstructure is shown in Fig. 1 . A dark band centered at the mean implantation depth of the Al + and 0 + ions (1200 nm) is evident. However, the defect microstructures observed in the midrange and peak damage regions were found to be qualitatively identical.
The dark band was most prominent under strong two-beam conditions where transmission of the electron beam in the undamaged crystal was maximized.
This suggests that the band is associated with lattice strain effects from the high concentration of implanted ions.
Comparisons between the midrange and peak damage microstructures to date have failed to detect any significant difference between these regions. The figures shown in the remainder of this paper are all taken from the peak damage region, where the most extensive analysis has been performed.
The various microstructural features identified in the peak damage region have also been observed in the midrange region. However, a detailed quantitative comparison between these regions has not yet been completed.
The dominant microstructural feature associated with the irradiation was the formation of a high density of dislocations, as shown in Fig. 2 . These dislocations were most easily viewed under strong-or weak-beam dark field conditions. A Burgers vector analysis revealed that there were a mixture of dislocation types. Figure 3 shows part of a series of different diffraction contrast conditions that were used to analyze the dislocations.
The array of dislocations that are visible in the left panel of Fig. 3 Fig. 3 ) were identified to have Burgers vectors in <1011> directions. Previous studies of alumina irradiated at elevated temperatures [7, 8] have identified network dislocations with Burgers vectors of b=l/3<1011> and b=l/3<1120>. The development of the network dislocations is the result of interactions between unfaulted loops, b=l/3<1011>, lying on either the basal or prism habit planes [7, 8] . Lee et al. [8] also suggested that a snail fraction of the dislocation network observed in ionirradiated alumina had b=l/3[0001].
However, they did not observe any network dislocation formation for irradiation teirperatures below 600 C.
In the present case, it appears that the dominant component of the dislocation network has b=l/3 [0001] . This suggests that the mechanism for the formation of the dislocation network in alumina irradiated at room temperature is different than the high temperature mechanism outlined in the literature.
A second structural feature associated with the ion implantation was the presence of small cavities, as shown in Fig. 4 . It is likely that the development of these cavities is assisted by the coimplantation of helium during the irradiation. The mean cavity diameter was about 2 nm.
A low density of defect clusters that exhibited contrast expected for dislocation loops were observed under certain diffaction conditions. Figure 5 shows the weak beam microstructure where same of the suspected loops are visible. The size of these defect clusters ranged up to 20 nm in diameter.
Tilting experiments suggested that the clusters resided on (0001) and {1010} habit planes, which is in agreement with loop observations from previous studies [7, 8] .
Same aligned streaks were observed in the microstructure under a variety of diffracting conditions, with the direction of the streaks generally coinciding with the diffraction vector. Figure 6 shows an example of this streaking that was observed for various diffraction vectors near the [0001] zone axis.
A closer inspection of the microstructure revealed that the individual streaks were invariably associated with a defect cluster that exhibited weak contrast under most imaging conditions. These clusters did not exhibit the contrast expected for voids or gas bubbles, i.e., their visibility remained poor even for underfocussed kinematical conditions. Furthermore, the contrast did not agree with that expected for loops. The streaking associated with the defect clusters may be an indication of misfit strain between the matrix and the defect cluster. The size of these clusters ranged from 10 to 30 nm. Figure 7 shows an example of these clusters taken with imaging conditions where they appear dark-diffracting in the bright field image. It is possible that these clusters are aluminum colloids, which have been identified in studies of alumina irradiated at elevated, temperatures [9, 10] . The formation of cduminum colloids in the peak damage region is plausible since the Al + / O+ implantation ratio of 0.83 produced an excess of Al + ions relative to the stoichiometric ratio. These defect clusters are visible when imaging is performed with g=[0006] near the zone axis of [1100], which is consistent with the observations of ShUcama and Pells [9] . However, the contrast associated with these clusters is generally much weaker than that observed for colloids formed by high temperature irradiation.
DISCUSSION
The microstructural features observed in the midrange and peak damage regions were qualitatively similar. This indicates that the Al + and 0 + ions implanted at room temperature have a small effect on the resultant microstructure of alumina. Specimens irradiated at 923 K showed a similar weak depth dependence [11] . The dislocation network observed in this study suggests an explanation for the resistance of alumina to amorphization during room temperature implantation.
The low density of dislocation loops and high network dislocation density suggests that loops formed in alumina during room temperature irradiation are somehow able to interact with one another to form a dislocation network. Point defects produced by the irradiation may then be absorbed at these dislocations, which act as unsaturable sinks through a process of dislocation climb [7] . This prevents the buildup of residual displacement damage defects to the critical level needed for amorphization to occur. It may be speculated that amorphization will occur under conditions where the dislocation climb mechanism is inoperative. Irradiation at low temperatures reduces the point defect mobility so that dislocation loop growth and interaction may be impeded. Implantation of ions which react chemically with alumina may similarly restrict the mobility of point defects and dislocation loops. There is evidence that amorphization of alumina by Zr + ions occurs only when the matrix Zr concentration exceeds a certain level [12] .
